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SURFACE PR€SSURF_ MEASURLMkNTS ON THE BLADE OF AN O P E R A T I N G  
MOD-2 W I N D  TURBINE W I T H  AND W I l H O U T  V O R T E X  GENERATORS 
Ted W.  Nyland 
Na t lona l  Aeronautlcs and Space A d m l n l s t r a t l o n  
Lewis Research Center 
Cleveland, Ohio 44135 
SUMMAHY 
Pressure measurements cover lng  a range o f  wind v e l o c i t i e s  were made a t  
one span l o c a t i o n  on the  sur face  o f  an opera t l ng  Mod-2, 2500-kW, wind t u r b i n e  
blade. The data, whlch were taken w i t h  and w l thou t  vo r tex  generators i n s t a l l e d  
on t h e  lead lng  edge, show the  exlstence o f  h igher  pressure c o e f f i c l e n t s  than 
would be expected from two-dimensional wlnd tunne l  data.  These h i g h  pressure 
r a t l o s  may be t h e  r e s u l t  o f  three-dimensional f l o w  over the  blade, whlch delays 
f l o w  separat ion.  
changes i n  the  pressure  d i s t r l b u t l o n  t h a t  occur as t h e  blade r o t a t e s .  Calcu- 
l a t e d  values of s u c t l o n  and f l a p  c o e f f l c l e n t s  a re  a l s o  presented. 
Data a re  presented showing the  r e p e t l t l v e n e s s  o f  abrup t  
I N T R O D U C l  I O N  
Experlence has shown t h a t  t h e  performance ( l . e . ,  ou tpu t  power as a func- 
t i o n  o f  wind speed) o f  p rope l l e r - t ype  wind t u r b i n e  r o t o r s  ope ra t l ng  i n  t h e  
f i x e d - p i t c h  mode cannot be accura te ly  p r e d i c t e d  a t  h i g h  wlnd speeds ( r e f .  1 ) .  
Computer codes, based on two-dimenslonal blade-element momentum theory ,  p re-  
d l c t  t h a t  t he  r o t o r  ou tpu t  power w l l l  i nc rease w l t h  wind speed u n t i l  a peak l s  
reached, and then w l l l  drop o f f  r a p i d l y  as the  wind speed cont inues t o  r i s e .  
l h e  codes make use o f  two-dlmenslonal, wlnd tunnel  measured l l f t  and drag  
c o e f f l c i e n t s .  Th ls  d ropo f f  I n  power corresponds t o  t h e  p o i n t  a t  which t h e  
f l o w  over elements a long t h e  blade s t a r t s  t o  separate . F l e l d  measurements o f  
performance show t h a t  t he  measured output c l o s e l y  f o l l o w s  p r e d i c t i o n  a t  low 
w!nd speeds. A s  t h e  wlnd speed IRcreases, t he  p e w r  Increases beyond t h e  pre-  
d i c t e d  peak. Rather than dropping o f f  r a p i d l y ,  t h e  power cont inues t o  r i s e  
s low ly  o r  remalns cons tan t  as the  wlnd speed Increases f u r t h e r .  Also, t h e r e  
I s  a corresponding u n c e r t a i n t y  l n  p r e d l c t i n g  dynamic blade loads I n  h i g h  winds, 
whlch has r e s u l t e d  i n  gross underpred ic t lons .  Except f o r  g rav ; ta t i ona l  and 
l n e r t i a l  loads, a l l  f o rces  a c t i n g  on the  b lade are  a r e s u l t  o f  sur face  pres- 
sures and, t o  a mlnor ex ten t ,  vlscous forces a c t i n g  on t h e  b lade surface. 
Several exp lanat lons  have been proposed t o  account f o r  t h e  i n a b i l i t y  o f  
c u r r e n t  codes t o  p r e d i c t  high-wind performance. One p o s s i b i l i t y  i s  t h a t  b lade 
a l r f o l l  sec t i on  p r o p e r t i e s  a re  d i f f e r e n t  I n  a steady-state,  r o t a t i n g  f l o w  f l e l d  
than I n  a r e c t i l i n e a r  one. H. Hlmmelskamp ( r e f .  2)  d lscovered through t h e  
measurement of chordwise pressure d l s t r l b u t l o n s  t h a t  t he  measured l l f t  c o e f f l -  
c l e n t s  a re  h lgher  i n  a r o t a t i n g  f l e l d  than one would expect f rom wlnd tunne l  
measurements. Not on l y  I s  s t a l l  delayed t o  much h igher  angles o f  a t t a c k ,  bu t  
s t a l l  I s  a l s o  g e n t l e r .  ( H i s  pressure d l s t r i b u t l o n s  were measured a t  f i v e  
r a d i a l  s t a t i o n s  on a ducted p r o p e l l e r . )  Hlmmelskarnp pos tu la ted  t h a t  t h e  span- 
wise secondary f l o w  along t h e  blade surface I n s i d e  the  separated r e g l o n  was 
somehow respons lb le  f o r  t h e  Increased l l f t .  Spanwlse f l o w  o f  t h i s  t ype  has 
been observed I n  t h e  separated reg ion  on t h e  blades o f  t h e  NASA/DOE 100-kW 
Mod-O wlnd t u r b l n e  ( r e f .  3 ) .  The a d d i t l o n  o f  energy t o  t h e  boundary l a y e r  
through the  use o f  vortex generators r e s u l t s  i n  lncreased l i f t  and a de lay  i n  
s t a l l  on a l r c r a f t  wlngs. I t I s  poss ib le  t h a t  t h e  spanwlse f l o w  on the  wlnd 
t u r b l n e  blade suppl les t h l s  a d d l t l o n a l  energy t o  the  boundary l a y e r ,  thereby 
de lay lng  s t a l l  and lnc reas lng  t h e  l i f t  c o e f f i c i e n t s  t o  h lghe r  values than a re  
p r e s e n t l y  be lng  used I n  t h e  computer codes. 
A second p o s s l b l l l t y  I nvo l ves  t h e  v a l l d l t y  o f  us lng  l i f t  and drag 
c o e f f i c l e n t s  t h a t  have been measured I n  wlnd tunnels under s teady-s ta te ,  two- 
dlmenslonal f l o w  cond l t lons .  I n  a c t u a l i t y ,  wind tu rb lnes  operate i n  a con- 
s t a n t l y  changlng three-dlmenslonal f l o w  f l e l d  ( 1 - e . ,  unsteady and nonuni form).  
McCroskey and h l s  col leagues have found t h a t  t he  sec t i on  p r o p e r t l e s  o f  a l r -  
f o l l s  opera t lng  I n  unsteady, three-dlmenslonal  f lows can be s l g n l f l c a n t l y  d l f - -  
f e r e n t  from those measured I n  steady, two-dlmenslonal f l ows  ( r e f .  4 ) .  Th ls  
suggests t h a t  t he  d l f f e r e n c e  may be a r e s u l t  o f  t h e  cons tar i t l y  changlng non- 
un l fo rm f l o w  f l e l d  I n  whlch the  wlnd tu rb lnes  operate. 
The pressure d l s t r l b u t l o n  around the  blade chord on an opera t l ng  wlnd t u r -  
b l n e  r o t o r  was measured t o  t e s t  these explanat ions.  I d e a l l y ,  t h e  c a l c u l a t e d  
l i f t  c o e f f l c l e n t s  obtalned f rom t h l s  da ta  could then be compared w l t h  da ta  used 
l n  t h e  performance codes t o  determlne whether t h e  values were s i g n i f i c a n t l y  
a f f e c t e d  by the  unsteady, three-dlmensional f l o w  environment. Conceivably, 
t h e  pressure d l s t r l b u t l o n s  cou ld  a l s o  be used t o  o b t a i n  a f o r c i n g  f u n c t l o n  
requ i red  f o r  dynamic s t ress  ana lys i s .  Therefore, a surface-pressure measure- 
ment system was developed and I n s t a l l e d  on a Mod-2, 2500-kW, wlnd t u r b l n e  
( f i g .  1 ) .  Some measurements recorded w i t h  t h l s  system were p r e v i o u s l y  repor ted  
i n  reference 5. Thls r e p o r t  Inc ludes  the  data presented irr re fe rence 5, 
together  w i t h  da ta  f o r  t h e  case where vo r tex  generators were I n s t a l l e d  on t h e  
b lade surface. A d lscuss lon  and comparison o f  t h e  measured da td  t o  t h a t  
p red lc ted  by one o f  the performance codes i s  a l s o  presented. A d e s c r l p t l o n  o f  
t h e  measurement system i s  g iven I n  the  appendlx. 
D E S C R I P T I O N  OF APPARATUS AND TEST 
The blade surface-pressure measurement system was I n s t a l l e d  on t u r b l n e  2 
l n  the  c l u s t e r  o f  three Mod-2 wlnd tu rb lnes  loca ted  near Goldendale, Washlng- 
ton.  As shown l n  f i g u r e  1, the  Mod-2 i s  a two-bladed machtne r a t e d  a t  
2500 kW, us lng  a 91-m-diameter r o t o r  mounted upwind on a tower 61 m h lgh .  The 
t u r b l n e  r o t a t e s  a t  17.5 rpm. I n  h l g h  wlnds, power I s  c o n t r o l l e d  w l t h  p l t c h -  
a b l e  t l p  sec t lons ,  each 13.7 m long. Except where noted, a l l  sur face  pressure  
measurements were made I n  wlnds I n  whlch n e g l l g l b l e  t l p  movement occurred. 
The pressure d l s t r l b u t i o n s  were measured by means o f  pressure taps con- 
t a l n e d  I n  a b e l t  around t h e  f l x e d  p o r t i o n  o f  t he  blade a t  a rad ius  o f  30 m, as 
shown schemat lca l l y  i n  f l gu res  2 and 3. A t  t h l s  s t a t i o n  t h e  chord l e n g t h  i s  
approxlmately 2.4 m, and t h e  a l r f o l l  approxlmates a NACA 23024 shape. Twenty- 
n l n e  s t a t i c  su r face  pressures were measured around t h e  b lade  chord. These 
pressures were f e d  t o  e l e c t r o n l c a l l y  scanned pressure sensors through 2.5- t o  
5-m-long tubes w l t h  an I n t e r n a l  diameter o f  1.3 mm. The tube l e n g t h  was 
d l c t a t e d  by t h e  phys lca l  c o n s t r a i n t s  o f  t h e  l n s t a l l a t l o n .  
Data a c q u l s l t i o n  was l n l t l a t e d  when approp r la te  wlnd c o n d l t l o n s  were 
observed. Upon command, the  ou tpu t  of t he  29 sensors was scanned and 
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d i g i t i z e d  a t  a r a t e  o f  4500 sensors p e r  second, t a k i n g  6.4 msec t o  measure a 
set  of 29 pressures. Dur ing t h i s  t i m e ,  t he  blade moved 0.67" o r  0.35 m i n  the  
t a n g e n t i a l  d i r e c t i o n  a t  the 30-m span l o c a t i o n .  The data sets (each c o n s i s t -  
i n g  of 29 pressures) were t ransmi t ted  t o  a microprocessor a t  a r a t e  o f  9 s e t s  
per second. The scanning and d i g i t i z l n g  c y c l e  was repeated u n t l l  256 data 
sets  were I n  memory. The mlcroprocessor then format ted and downloaded t h e  
data t o  a tape recorder  f o r  storage. The process was then repeated on command 
f o r  a d d i t i o n a l  wind c o n d i t i o n s .  Reduction o f  data f r o m  t h e  da ts  tapes was 
accompllshed a t  t h e  NASA Lewis Research Center .  
The requ i red  f l d e l l t y  o f  the pressure measurements depends on whether one 
i s  l ook lng  f o r  r e p e t i t i v e  ( r e v o l u t i o n  t o  r e v o l u t i o n )  o r  n o n r e p e t i t i v e  pressure 
f l u c t u a t i o n s .  F o r  n o n r e p e t i t l v e  f l u c t u a t i o n s ,  t he  frequency response o f  t h e  
tube/sensor comblnat ion i s  the l i m l t i n g  f a c t o r .  This response depends on the  
l e n g t h  and i n t e r n a l  diameter o f  t he  tubes connect ing t h e  s t a t i c  pressure taps 
t o  t h e  sensors. Tests i n d i c a t e d  t h a t  t h e  tube/sensor system responds t o  a step 
change i n  pressure somewhat l i k e  a f l r s t - o r d e r  dynamic system w i t h  a t ime  con- 
s t a n t  o f  less than 50 msec. This corresponds t o  a corner frequency o f  40 Hz, 
which becomes the  upper l l m l t  on frequency response f o r  n o n r e p e t i t l v e  pressure 
f l u c t u a t i o n s .  F o r  r e p e t l t l v e  f l u c t u a t i o n s ,  t he  data se t  sampling r a t e  i s  t he  
l i m i t i n g  f a c t o r .  Th i r t y -one  sets o f  pressures a re  recorded d u r i n g  each revo- 
l u t i o n .  Based on a conservat ive requirement o f  a t  l e a s t  10 samples t o  reason- 
a b l y  reproduce t h e  h ighes t  frequency measured wave forms, t h e  upper l i m i t  on 
frequency response I s  est imated t o  be about 1 Hz f o r  r e p e t i t i v e  f l u c t u a t i o n s .  
Together w i t h  these frequency response l i m i t s ,  t h e  d i g i t i z i n g  r a t e  o f  t he  
a n a l o g - t o - d i g i t a l  conver ter  introduces a t ime skew i n  each s e t  o f  pressures,  
which a f f e c t s  the  system f i d e l i t y .  The t lme skew amounts t o  6.4 msec between 
the  f i r s t  and t h e  l a s t  pressure d i g i t i z e d  i n  a g iven data se t .  The e f f e c t  o f  
t ime skew on measurement system f i d e l i t y  i s  considered smal l  compared t o  f r e -  
quency response l i m i t s .  
DATA ANALYSIS AND PROCESSING METHODOLOGY 
T h e o r e t i c a l l y ,  t he  l l f t  and pressure drag c o e f f l c i e n t s  can be a n a l y t i c a l l y  
determined from pressure d i s t r i b u t i o n  measurements i n  con junc t i on  w i t h  an angle 
o f  a t t a c k  (AOA) measurement. (Sk in  drag cannot be determined from pressure 
measurements.) However, I t  i s  extremely d i f f i c u l t  t o  make an accurate measure- 
ment o f  AOA because o f  t h e  v a r i a b l e  wind c o n d l t l o n s  and the  need t o  measure an 
AOA slrnultaneously w i t h  each data set .  The AOA would have t o  be measured w i t h  
a probe mounted on the lead ing  edge o f  the b lade and loca ted  i n  the  f r e e  stream 
ahead o f  the blade. No probe was a v a i l a b l e  t o  measure AOA, and i t  appeared 
t h a t  development o f  a probe w i t h  the requi red accuracy cou ld  not: be accom- 
p l l s h e d  i n  t ime f o r  t h i s  t e s t  program. As an a l t e r n a t e  procedure t o  comparing 
l i f t  c o e f f i c i e n t s  d i r e c t l y  w i t h  wind tunnel  measured c o e f f i c i e n t s ,  I t  was 
declded t o  p l o t  su r face  pressure c o e f f i c i e n t s  as a f u n c t i o n  o f  chord p o s i t i o n .  
The shape o f  t he  p l o t t e d  curves would then be compared w i t h  the shape o f  wind 
tunne l  pressure d i s t r i b u t i o n s  a t  angles o f  a t t a c k  p red ic ted  by performance 
codes. S i g n l f l c a n t  d l f f e r e n c e s  l n  the curve shapes would be an i n d i c a t l o n  
t h a t  t h e  pressure d i s t r i b u t i o n s  around t h e  blade were being a f f e c t e d  by t h e  
r o t a t i o n a l ,  unsteady f l o w  environment. Rotor output  power would be used as 
t h e  common parameter i n  these comparisons. This procedure i s  descr ibed i n  
more d e t a i l  i n  t h e  subsect ion Comparison o f  Measured and Predic ted Cp Curves. 
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The pressure c o e f f i c i e n t  i s  de f i ned  I n  t e r m s  of t h e  dynamic pressure,  the 
t o t a l  f ree-st ream pressure, and t h e  s t a t i c  pressure as f o l l o w s :  
i n  which 
Cp pressure c o e f f i c i e n t  
P t  t o t a l  free-stream pressure, N/m2 
Ps s t a t i c  pressure,  N/m2 
Q dynamic pressure, N/m2 
p a i r  dens i t y ,  kg/m3 
V wind speed a t  r o t o r  plane, m/sec 
r r a d i a l  d i s tance  t o  measurement s t a t i o n ,  30 m 
R r o t o r  speed, 1 .E3 rad/sec 
Because t h e  wind speed a t  t he  r o t o r  p lane was small  I n  comparison w i t h  t h e  
b lade t a n g e n t i a l  speed rR, i t  was neglected i n  t h e  c a l c u l a t i o n  of Q. The 
e r r o r  i n  Q caused by n e g l e c t i n g  the  wind speed i s  l e s s  than 4 percent  f o r  
wind speeds l e s s  than 10 m/sec, which covers most o f  t h e  data presented i n  
t h i s  r e p o r t .  
these parameters, equation (2 )  gives a value f o r  Q o f  1560 N/m2 
(32.5 l b / f t 2 ) ,  w h i c h  was used i n  a l l  c a l c u l a t l o n s  repo r ted  here in.  
The mean a i r  dens i t y  d u r i n g  the  t e s t s  was 1.04 kg/m3. Wi th 
As an a l t e r n a t l v e  t o  the  l i f t  c o e f f i c i e n t ,  s u c t i o n  and f l a p  c o e f f i c i e n t s  
a r e  u s e f u l  i n  desc r lb lng  the  aerodynarnlc forces a c t i n g  on t h e  blade. The suc- 
t i o n  c o e f f i c i e n t  i s  de f i ned  as t h e  normallzed component o f  t o t a l  pres- 
sure f o r c e  a c t l n g  i n  t he  d i r e c t i o n  o f  t he  a i r f o i l  chord. The d i r e c t i o n  o f  
C s  i s  p a r a l l e l  t o  the chord i n  t h e  plane o f  r o t a t i o n  f o r  a b lade w i t h  a 0" 
p i t c h  angle.  The f l a p  c o e f f l c i e n t  C f  i s  def ined as t h e  normal ized compon- 
e n t  o f  t he  pressure f o r c e  a c t i n g  perpendicu lar  t o  t h e  chord. Based on t h e  
coord inate s y s t e m  shown I n  f i g u r e  4, Cs and C f  a re  c a l c u l a t e d  f rom t h e  
f o l l o w i n g  equat ions:  
C, 
i n  which 
P s t a t i c  pressure, N/m2 
i = 1, ..., 29 
i = 1, ..., 29 
(3 )  
(4 )  
X,Y normal ized blade coord inates ( f r a c t l o n s  o f  chord) 
i index o f  pressure taps 
4 
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Typ ica l  p l o t s  o f  Cp measured d u r i n g  wind t u r b i n e  opera t i on  a r e  shown 
I n  f i g u r e  5. Thls data s e t  was recorded when t h e  b lade was passing through 
t h e  h o r i z o n t a l  p o s i t i o n ,  w h i l e  the  machine was generat ing 470 kW. F igu re  5 (a )  
shows Cp as a f u n c t i o n  o f  t h e  chordwjse Coordinate X. The upper curve i s  
data taken on the  downwind s ide  ( l o w  pressure o r  s u c t i o n  s ide )  o f  t h e  blade. 
The area between t h e  curves I s  proportional t o  C f .  A va lue o f  Cp equal t o  
1.0 occurs a t  a s tagna t ion  p o i n t  on the  a i r f o i l ,  where t h e  a i r  v e l o c i t y  j u s t  
o u t s i d e  t h e  boundary l a y e r  I s  z e r o .  A zero value f o r  C i n d i c a t e s  t h a t  t h e  
v e l o c i t y  ou ts ide  t h e  boundary I s  equal t o  f ree-stream ve P o c i t y .  
Cp l e s s  than zero occur I n  regions where t h e  v e l o c i t y  ou ts ide  t h e  boundary 
l a y e r  i s  g rea te r  than t h e  free-stream v e l o c i t y .  F igu re  5(b )  shows the same 
Cp da ta  p l o t t e d  as a f u n c t i o n  o f  t h e  f l a p w i s e  coord inate Y .  
shows the  data taken on t h e  blade surface t h a t  faces t h e  d i r e c t i o n  o f  r o t a t i o n .  
The d i f f e r e n c e  between the  areas (1)  and ( 2 )  I s  p r o p o r t i o n a l  t o  C s .  
Values o f  
The dashed l i n e  
Surface pressures were measured d u r i n g  opera t i on  w i t h  and w i t h o u t  vo r tex  
generators ( V G ' s )  i n s t a l l e d  on the blade. Vortex generators a re  small  tabs 
p r o j e c t i n g  normal t o  t h e  downwlnd surface o f  the b lade near t h e  l e a d i n g  edge, 
as shown i n  f i g u r e  6. The purpose o f  these tabs i s  t o  energ ize t h e  low- 
pressure boundary l a y e r .  Th is  delays separat ion of f l o w  and permi ts  ope ra t i on  
o f  t h e  a l r f o l l  a t  h ighe r  angles o f  a t tack be fo re  separat ion occurs. The loca -  
t i o n s  o f  t h e  V G ' s  and t h e i r  measured e f f e c t s  on performance and blade loads 
a r e  g i ven  i n  re ference 6. 
Some unpubl lshed wind tunnel  data ( f r o m  the  Boeing Aerospace Corporat ion)  
showing the  e f f e c t s  o f  V G ' s  on t h e  
shown I n  f i g u r e  7. The increase I n  peak Cp values associated w i t h  t h e  
a d d i t i o n  o f  t h e  V G ' s  t o  t h i s  a i r f o i l  i s  very apparent when f i g u r e s  7(a) 
and ( b )  a r e  compared. The peak Cp value w i t h  V G ' s  i s  almost t w i c e  t h e  va lue 
w i t h o u t  V G ' s .  The a d d i t i o n  o f  V G ' s  a l lows t h i s  a i r f o i l  t o  operate a t  much 
h ighe r  AOA before separat ion occurs. Thick a i r f o i l s  such as NACA 23024 tend 
t o  separate q u i c k l y  over a l a r g e  percentage o f  t h e  b lade chord f o r  a smal l  
change i n  AOA. f i g u r e  7(a) shows no separat ion a t  an AOA o f  12.4', and sepa- 
r a t i o n  a t  an AOA o f  14.4'. 
curve, separat ion I s  shown occu r r i ng  i n  the  14.4' AOA curve s t a r t i n g  a t  t he  
40 percent  chord p o s i t i o n .  With V G ' s ,  however, the AOA i s  g rea te r  than 20" 
before separat ion I s  no t i ceab le ,  as shown i n  f i g u r e  7 ( b ) .  
r e f e r r e d  t o  l a t e r  i n  t h i s  r e p o r t  i n  the subsect ion Comparison o f  Measured and 
Pred ic ted  Cp Curves. 
Pressure c o e f f i c i e n t s  measured on t h e  r o t a t i n g  b lade w i t h  and w i t h o u t  
V G ' s ,  together  w j t h  c a l c u l a t e d  values of C s  and C f ,  a r e  shown I n  f i g u r e s  8 
t o  10. The data a c q u i s i t i o n  was i n i t i a t e d  when s t r i p  c h a r t  record ings o f  wind 
v e l o c i t y  and machine output  power i nd i ca ted  t h a t  wind c o n d i t i o n s  were reason- 
a b l y  s tab le .  Data s e t s  f o r  t h ree  consecutive r e v o l u t i o n s  a r e  shown i n  each 
f i g u r e  t o  g i v e  an i n d i c a t i o n  o f  t h e  amount o f  v a r i a t i o n  o c c u r r i n g  f rom revo lu -  
t i o n  t o  r e v o l u t i o n .  The values o f  Cp a r e  p l o t t e d  as a f u n c t t o n  o f  chord 
p o s i t i o n  w i t h  the  downwind s lde  ( l ow  pressure o r  s u c t i o n  s ide )  shown on t h e  
l e f t .  (For  c l a r i t y ,  symbols i n d i c a t l n g  data p o i n t s  a r e  not p l o t t e d . )  The 
l e a d i n g  edge of t he  a i r f o i l  i s  t o  the l e f t ,  where the  percent  chord l o c a t i o n  
equals zero. The Cp sca le i s  located between the curves. A sca le o f  
r o t o r  p o s i t i o n  i s  on t h e  r i g h t ,  i n  whlch a r o t o r  p o s i t i o n  o f  0' i n d i c a t e s  t h a t  
Cp curves f o r  a NACA 23024 a i r f o i l  a r e  
Ind icated by the  f l a t  p o r t i o n  o f  t he  upper Cp 
These f i g u r e s  a r e  
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t he  Instrumented blade I s  a t  t he  6 o ' c l o c k  p o s i t i o n .  
v e r t l c a l l y .  
Tlme increases 
Changes I n  t h e  spacing between t h e  Cp 
Areas where the curves a r e  more c l o s e l y  spaced i n d i c a t e  
curves l n d l c a t e  changes i n  t h e  
curve shapes. 
decreasing values o f  Cp. Conversely, areas where t h e  spacing between the  
curves becomes l a r g e r  I n d i c a t e  increases i n  the  Cp values. Calcu lated 
values o f  C s  and C f  f o r  each curve a re  shown on the  r i g h t  s ide  o f  t h e  
f i g u r e .  The v e r t i c a l  p o s i t i o n  o f  t he  C s  and C f  values g ives t h e  r o t o r  
p o s i t i o n  a t  which the pressures were  measured, and can be used t o  l o c a t e  t h e  
zero value f o r  t h e  Cp sca le f o r  i n d i v i d u a l  curves. A p o s i t i v e  value o f  C s  
produces torque i n  t h e  d i r e c t i o n  o f  r o t a t i o n  and p o s i t i v e  output  power. A 
p o s i t i v e  value of 
and I n  the  d i r e c t i o n  o f  t h e  tower. Average values o f  C s  and C f  f o r  t h e  
t h r e e  r e v o l u t i o n s  are i n d l c a t e d  I n  each f i g u r e .  (Note: For 1 m o f  span l e n g t h  
a t  t he  measurement s ta t i on ,  a C s  value o f  0.1 produces 21 kW, w h l l e  a Cf 
value o f  1.0 produces 3.8 kN o f  f o r c e  bendlng t h e  blade toward t h e  tower.) 
Cf  produces a f o r c e  perpendicu lar  t o  t h e  plane o f  r o t a t i o n  
Measurements on Blade Without Vortex Generators 
P l o t s  o f  chordwlse pressure c o e f f i c i e n t s  f o r  t he  case when the  blades were 
The f o l l o w l n g  impor tant  observa- operatqng w i thou t  V G ' s  a r e  shown I n  f i g u r e  8. 
t i o n s  can be made: 
(1 )  A t  low wind speeds ( i . e . ,  l o w  output  power l e v e l s ) ,  t he  f l o w  remains 
f u l l y  attached, as shown i n  f i g u r e s  8(a)  and ( b ) .  
( 2 )  Figures 8 ( c )  and ( d )  present pressure data a t  a medium wind speed, i n  
which the  f l o w  separates f o r  a b r i e f  pe r iod  and then q u i c k l y  reat taches.  
separat lon occurs a t  a r o t o r  p o s i t l o n  o f  about 225" .  
The 
( 3 )  A s  the  wlnd speed increases f u r t h e r ,  separat ion occurs over more o f  a 
r e v o l u t i o n ,  u n t l l  the f l o w  i s  f u l l y  separated over an e n t i r e  r e v o l u t i o n ,  as 
shown I n  f l g u r e  8 (e ) .  
( 4 )  Unsteady f l o w  e f f e c t s  a re  l n d l c a t e d  by l o c a l  r i p p l e s  t h a t  come and go 
( 5 )  The changes I n  spacing between t h e  curves and the  v a r i a t i o n  i n  
C f  values r e f l e c t  the nonuniform s p a t i a l  d l s t r i b u t l o n  o f  t h e  wind 
i n  the Cp curves a t  a l l  wind speeds as t h e  blade r o t a t e s .  
C s  
and 
v e l o c i t y  and/or d i r e c t i o n .  
F igu re  8(a)  shows a s e t  o f  data taken when t h e  machine was produclng 
470 kW. The c y c l i c  v a r i a t i o n  i n  C, shown i n  t h e  f i g u r e  was a r e s u l t  o f  
t h e  r o t o r  plane n o t  be ing  a l l gned  Perpendicular t o  t h e  wlnd. Values o f  C s  
a r e  genera l l y  negatlve, i n d l c a t l n g  t h a t  t he  a l r f o i l  a t  t h i s  measurement 
s t a t i o n  a c t u a l l y  re tards t h e  r o t a t l o n  o f  t he  blade. One could conclude t h a t ,  
a t  l a r g e r  r a d i i ,  C s  would a l s o  be negat ive,  and t h e r e f o r e  a l l  output  power 
was being produced by the i n n e r  p o r t i o n  o f  t h e  blade. 
occurred, and t h a t  c y c l i c  changes i n  C s  and some r i p p l e s  i n  t h e  Cp curves 
were probably caused by wind v e l o c i t y  gradlents  and turbulence.  
Note t h a t  no separat ion 
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. 
F lgu re  8(b)  shows data taken when the  machine was produclng 870 kW. The 
c o e f f l c l e n t s  a re  a l l  p o s i t i v e ,  i n d l c a t i n g  the p roduc t l on  o f  p o s i t i v e  
C d l s t r l b u t l o n s  are w e l l  behaved, w l t h  a small  amount o f  c y c l i c  v a r i a t l o n .  
TRe Cs 
torque a t  t h i s  blade s t a t l o n .  During a r e v o l u t i o n ,  C s  I s  maxlmum when t h e  
blade I s  I n  the top  (180O) p o s l t l o n .  Thls  would be expected, s ince the wlnd 
v e l o c i t y  tends t o  Increase as a f u n c t l o n  o f  he lgh t  above ground because o f  wlnd 
shear. The machine appears t o  be al lgned w l t h  the  wlnd because the  peak and 
mlnlmum values o f  C s  
The average value o f  C s  
o f  -0.011 f o r  t he  470-kW-power case i n  f i g u r e  8 (a ) .  
occur a t  approxlmately the 0" and 180" r o t o r  p o s l t l o n s .  
f o r  t h ree  r e v o l u t i o n s  I s  0.069 compared w i t h  a va lue 
For f i g u r e  8 ( c ) ,  the output  power was 1500 kW. This f i g u r e  shows t h e  f l o w  
separat lng a t  about the  225" locat lon,  w i t h  qu l ck  jumps f r o m  at tached f l o w  t o  
separated f l o w  and back t o  at tached f l o w  over a 30" t o  40" i n t e r v a l  o f  r o t a -  
t i o n .  The separat ion I s  shown t o  cause a d e f l n l t e  d ropo f f  I n  the  Cs values. 
The c y c l i c  v a r l a t l o n  I n  Cs 
occur r i ng  a t  the same r o t o r  pos l t l ons  as shown I n  f i g u r e  B(b).  The average 
value of C s  has r l s e n  t o  0.109 even though separat ion appears d u r i n g  each 
r e v o l u t l o n .  
I s  apparent, w l t h  t h e  peak and mlnlmum values 
FIgure 8 (d )  shows data taken when the output  power was 2210 kW. The f l o w  
I s  separated over a g rea te r  p o r t l o n  o f  each r e v o l u t i o n ,  w l t h  showlng a 
l a r g e r  v a r l a t l o n  i n  values. The separat lon occurs when the  r o t o r  i s  a t  t h e  
top  (180') p o s l t l o n ,  and s m a l l  bu t  d lscernable changes I n  a r e  shown as t h e  
r o t o r  passes I n  f r o n t  o f  the tower. The average Cs has reached a value o f  
0.118, whlch was the  h lghest  average value measured f o r  t he  blade w i t h o u t  V G ' s .  
I n d l v i d u a l  values a re  approaching 0.2, which I s  s i g n i f i c a n t l y  l a r g e r  than t h e  
peak value o f  0.149 f o r  t h e  wind tunnel data shown I n  f i g u r e  7 ( a ) .  
Cs 
C s  
The output  power I s  2470 kW f o r  t h e  data shown I n  f i g u r e  8(e).  I n  t h l s  
f l g u r e ,  t he  f l o w  appears t o  be separated over almost a l l  o f  each r e v o l u t l o n .  
As  t he  r o t o r  approaches t h e  0" pos l t l on ,  the f l o w  apparent ly  a t taches b r l e f l y ,  
w l t h  a corresponding Increase i n  Cs. Here,  l a r g e  v a r i a t i o n s  I n  C s  r e s u l t  
I n  l a r g e  f l u c t u a t i o n s  I n  r o t o r  torque generated a t  t h l s  blade s t a t l o n .  The 
average C s  has dropped t o  0.046, which I n d i c a t e s  t h a t  most o f  t h e  power I s  
belng generated by the  t i p  sect lon.  One would expect t h a t  I f  Cs i s  0.046 
a t  t h l s  s t a t l o n ,  i t  would be l e s s  a t  smal ler  r a d i i  and would probably take on 
nega t l ve  values near the  hub. 
r e v o l u t l o n ,  t h e  value o f  Cs 
t h l s  b lade s t a t l o n .  
Even w l t h  separat ion occu r r tng  over most o f  t h e  
l nd l ca tes  the  p roduc t i on  o f  p o s i t i v e  torque a t  
Measurements on Blade With Vortex Generators 
I n  f l g u r e  9 are p l o t s  o f  surface pressure c o e f f i c i e n t s  f o r  t h e  case when 
V G ' s  were I n s t a l l e d  on t h e  blade. I t  should be noted t h a t  the wlnd v e l o c i t y  
requ i red  t o  produce a g iven ou tpu t  power l e v e l  I s  about 10 percent lower when 
V G ' s  a r e  I n s t a l l e d  on the blade, and t h e r e f o r e  I t  i s  f e l t  t h a t  comparlson o f  
C s  
f o l l o w i n g  general  observat ions can be made: 
c o e f f l c l e n t s  w l t h  and w i thou t  vortex generators I s  n o t  meanlngful .  The 
( 1 )  The most s l g n l f i c a n t  observat lon I s  t h a t  t he  V G ' s  prevented f l o w  
separat lon a t  t he  30-m radius f o r  power l e v e l s  up t o  2570 kW. 
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( 2 )  l h e  C values changed i n  a somewhat c y c l i c  manner w i t h  very l i t t l e  
random f l u c t u a t  5 ons. 
( 3 )  A s  w i t h  t h e  r e s u l t s  shown i n  f i g u r e  8, t he  l o c a l  v a r i a t i o n s  i n  the  
pressure c o e f f i c i e n t  curves were probably the  r e s u l t s  o f  smal l -sca le t u r b u l e n t  
f l u c t u a t i o n s  i n  t h e  wind. The c y c l i c  v a r i a t i o n  i n  C s  was a r e s u l t  o f  v a r i a -  
t i o n  i n  t h e  wlnd v e l o c l t y  w i t h  he igh t .  
The ou tpu t  power was 440 kW f o r  t he  data shown i n  f i g u r e  9(a) .  The values 
o f  C s  
f o r  t he  t h r e e  revo lu t i ons .  
show mlnimal c y c l i c  v a r i a t i o n  w i t h  r o t o r  p o s i t i o n  and average 0.04 
F igu re  9(b)  shows data taken when the  machine was producing 1490 kW. The 
average value o f  Cs i s  0.103. No separat ion appears i n  t h i s  f i g u r e ,  whereas 
f i g u r e  8(c)  shows the s t a r t  o f  separat ion f o r  a s i m i l a r  power l e v e l  w i t h o u t  
V G ' s .  
The data i n  f l g u r e  9 ( c )  was recorded a t  a power output  o f  2470 kW. The 
average C s  
data shown i n  f i g u r e  8(e )  f o r  approximately the  same power l e v e l  w i t h o u t  VG's. 
Some d r o p o f f  i n  
p o s i t i o n ,  Cs 
value i s  0.154, which i s  more than t h r e e  t imes the  value f o r  t he  
C s  i s  seen as the  blade passes t h e  tower. A t  t h e  t o p  (180") 
reaches a peak value. 
Data a r e  shown i n  f l g u r e  9(d)  f o r  t he  case when t h e  power output  was 
2570 kW. The average Cs has reached 0.18, and the  Cp curves show no 
signs o f  separat ion.  A t  t h i s  p o i n t ,  t he  blade t i p s  were beginning t o  move t o  
c o n t r o l  power, and t h i s  r e s u l t e d  i n  an increased d i s c o n t i n u i t y  i n  t h e  b lade 
surface and a gap l e s s  than one chord l eng th  outboard o f  t h e  pressure sensors. 
However, t he  VG's appear t o  be a b l e  t o  ma in ta in  at tached f l o w  i n  s p i t e  o f  the 
nearby d i s c o n t i n u i t y .  
A f i n a l  s e t  o f  data i s  shown I n  f i g u r e s  lO(a)  and ( b ) ,  again f o r  t h e  case 
w i t h  V G ' s  i n s t a l l e d .  The output  power f o r  these f i g u r e s  was 2680 kW, w i t h  the  
t i p  sec t i on  a c t i v e l y  c o n t r o l l i n g  machine power. The average Cs i n  f i g -  
ure lO(a)  i s  0.27, which  i s  more than 2.3 t imes t h e  maximum value c a l c u l a t e d  
f o r  any o f  the pressure data measured w i t h o u t  V G ' s .  Some separat ion i s  shown 
t o  occur I n  f i g u r e  10(b).  This was the on ly  r e v o l u t i o n  i n  t h e  data s e t  i n  
which separat ion occurred. Here again, t h i s  f i g u r e  shows how q u i c k l y  t h e  f l o w  
separates and then reattaches. C,, whlch 
i s  a r e s u l t  of separation, changing f r o m  0.3 t o  -0.05 w h i l e  t h e  r o t o r  moves 
about 35". This would be expected t o  i n t roduce  a l a r g e  change i n  torque f o r c e  
a t  t h i s  rad ius,  and a corresponding change i n  ou tpu t  power. However, t h e  
change i n  output  power would n o t  necessa r i l y  be as abrupt  as might  be I n f e r r e d  
from t h i s  f i g u r e  because of the i n t e g r a t i o n  o f  torque fo rces  from t i p  t o  t i p  
o f  t he  r o t o r .  
I t  a l s o  shows t h e  sharp d r o p o f f  I n  
Comparison o f  Measured and Pred ic ted  Cp Curves 
P l o t s  were made t o  see i f  any d i f f e rences  i n  shape o f  t h e  Cp curves were 
These curves were taken 
apparent f o r  C 's measured on the  wlnd t u r b i n e  and f o r  those measured i n  wind 
tunnel  t e s t s .  ! s e t  o f  t y p l c a l  Cp curves measured a t  va r ious  c o n d i t i o n s  of 
output  power and w i n d  v e l o c i t y  a re  shown i n  f i g u r e  11. 
from the  data sets  shown i n  f i g u r e s  8 and 9, w i t h  and w i t h o u t  V G ' s ,  when t h e  
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blade was pasr lng through the 270" ( h o r l z o n t a l ,  descendlng) p o s l t l o n .  A com- 
par lsor i  o f  t he  curves l n  f l g u r e s  l l ( a )  and ( b )  w i t h  those I n  f l g u r e s  7(a)  
and (b )  reveals  t h a t  t he  peak 
a re  s l g n l f l c a n t l y  h lgher  than any o f  those measured i n  the  wind tunnel .  
C p  magnltudes measured on t h e  wlnd t u r b l n e  
For  the case w i t h o u t  V G ' s ,  shown i n  f l g u r e s  7(a)  and l l ( a ) ,  t he  peak 
magnitude o f  has increased f r o m  3 t o  4 .  This increase i n  peak magnitude 
a t t a c k  than would be expected f r o m  wind tunnel  data.  Thls i m p l i e s  t h a t  sepa- 
r a t i o n  may be delayed as a r e s u l t  o f  the r o t a t l o n a l  f l o w  f l e l d .  A s  suggested 
I n  t h e  I n t r o d u c t l o n ,  t he  e f f e c t  o f  r o t a t l o n  could be considered t o  be s i m l l a r  
t o  t h e  e f f e c t  o f  V G ' s ,  t h a t  I s ,  t o  delay separat lon and Increase the  peak 
value o f  Cp, 
Comparlson o f  f l g u r e s  8(b)  and l l ( b ) ,  w l t h o u t  and w l t h  V G ' s ,  r e s p e c t l v e l y ,  
shows an increase i n  peak values measured on the  wind t u r b l n e ,  b u t  one o f  
smal ler  magnltude. Here, too, t he  r o t a t l n g  f l o w  f l e l d  appears t o  de lay separa- 
t i o n  when V G ' s  a re  I n s t a l l e d  on a r o t a t l n g  blade. 
suggests t h a t  e a l r f o l l  sect lons are opera t i ng  u n s t a l l e d  a t  h igher  angles o f  
A second set  o f  p l o t s  was made t o  determlne how the  wind t u r b i n e  Cp d l s -  
t r l b u t l o n s  compared w l t h  wlnd tunnel Cp d i s t r l b u t l o n s  a t  var ious r o t o r  
powers. This was accornpllshed by f i r s t  c a l c u l a t l n g  the AOA a t  t h e  30-m span 
p o s l t l o n  as a f u n c t i o n  o f  r o t o r  power, us lng the  WIND-2 performance code. The 
AOA values thus found were used t o  choose the  approp r ia te  wind tunnel  C 
curves from f i g u r e  7,  whlch t h e o r e t l c a l l y  produced the  same r o t o r  power For 
whlch measured C data were  ava l l ab le .  Comparlson p l o t s  f o r  the data sets  
shown i n  f l g u r e s  B and 9 a r e  shown l n  f i g u r e s  12 and 13, whlch Inc lude  ca l cu -  
l a t e d  values o f  AOA and r o t o r  power. 
the measured wlnd t u r b l n e  data a re  h lgher  than t h e  curves der lved from wind 
tunnel  data.  The f a c t  t h a t  the turb ine Cp c o e f f l c l e n t s  a r e  h lgher  f o r  a 
g iven r o t o r  power than those predic ted by us lng the  performance code and wind 
tunne l  data imp l i es  t h a t  t he  wlnd v e l o c i t y  t o  produce t h e  power 1 s  lower.  
Therefore,  the t e s t  performance I s  b e t t e r  than p red ic ted .  
Fo r  each o f  the power l e v e l s  shown In f l g u r e s  12 and 1 3 ,  t he  curves f o r  
I n  summary, i t  I s  concluded t h a t  the three-dlmenslonal  f l o w  f l e l d  
assoclated w l t h  a r o t a t l n g  wind tu rb ine  blade, by some mechanlsm as y e t  
undefined, causes a change i n  the  surface pressure d i s t r i b u t i o n  around t h e  
blade. Thls r e s u l t s  i n  h lgher  values o f  C s  than would be p red ic ted  f rom 
performance codes t h a t  use two-dlmensional l l f t  and drag data measured i n  a 
wind tunne l .  
CONCLUDING REMARKS 
A se t  of data has been presented showing the  chordwlse d l s t r l b u t i o n  o f  
pressure c o e f f l c l e n t s  measured on an opera t i ng  Mod-2 wlnd t u r b i n e .  Data were 
presented f o r  blades w l t h  and wl thout  vor tex generators (VG's) mounted on the 
downwlnd surface. A s  expected, the vor tex generators were shown t o  change the 
shape of t he  pressure c o e f f i c i e n t  curves by s l g n l f l c a n t l y  l nc reas lng  the  peak 
values and de lay ing  separat lon.  
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Ihe data s e t s  showed the f l o w  r a p i d l y  separat lng and r e a t t a c h i n g  t o  the 
blade sur face.  The amount o f  t lme d u r i n g  each r e v o l u t l o n  t h a t  t he  f l o w  was 
separated depended on the wind v e l o c i t y  g rad ien t .  The v a r i a t i o n  o f  s u c t l o n  
and f l a p  c o e f f i c i e n t s  r e s u l t i n g  f rom t h e  f l o w  separat ion was v i v i d l y  i l l u s -  
t r a t e d .  This  r a p i d l y  changing s u c t i o n  c o e f f i c i e n t  would be expected t o  pro-  
duce r a p i d  changes I n  r o t o r  torque and power output.  S i m i l a r l y ,  t h e  l a r g e  
changes i n  f l a p  c o e f f i c i e n t  would be expected t o  produce f l u c t u a t i o n s  i n  t h e  
blade bending moments and corresponding c y c l i c  changes i n  b lade s t ress  l e v e l s .  
A comparison o f  t h e  measured pressure c o e f f i c i e n t  curves w i t h  those 
obta ined from wind tunnels i n d i c a t e d  t h a t  t h e  magnitude o f  peak values meas- 
ured on t h e  wind t u r b i n e  were s i g n i f i c a n t l y  h igher .  Th is  was t r u e  f o r  b o t h  
cases, w i t h  and w i thou t  vo r tex  generators.  This i m p l i e s  t h a t  separa t i on  I s  
be ing delayed because o f  t h e  three-dimensional f l o w  f i e l d  associated w i t h  t h e  
r o t a t i n g  blade. 
compared w i t h  those obtained f rom wind tunnel  t e s t s  f o r  equal power l e v e l s .  
This comparison showed t h a t ,  a t  a l l  power l e v e l s  f o r  which da ta  were a v a l l a b l e ,  
peak magnitudes o f  the measured pressure c o e f f i c i e n t s  were h ighe r  than those 
whlch would be p red ic ted  from c u r r e n t  performance codes and wind tunne l  a i r f o i l  
data.  This suggests t h a t  t h e  three-dimensional f l o w  f i e l d  i s  changing t h e  
pressure d i s t r i b u t i o n  on t h e  blade surface. This r e s u l t s  i n  h ighe r  values o f  
s u c t i o n  c o e f f i c i e n t ,  and the re fo re  more r o t o r  power f o r  a g i ven  wind c o n d i t i o n  
than would be predic ted.  
The measured pressure c o e f f i c i e n t  d i s t r i b u t i o n s  were a l s o  
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APPENDIX  - D E S C R I P l I O N  OF MEASUREMEN1 SYSTEM 
I h e  b lade chord pressure measurement system was o r i g i n a l l y  designed f o r  
and i n s t a l l e d  on the DOE/NASA 100-kW Mod-0 wind t u r b l n e  loca ted  near Sandusky, 
Ohio. The system was modi f ied t o  meet the  i n s t a l l a t i o n  c o n s t r a i n t s  of  the  
Mod-2 wind tu rb lne .  Figures 2 and 3 show schematic diagrams o f  t he  l o c a t i o n  
o f  the  system components on t h e  Mod-2. I n  the  f o l l o w i n g  sect ions,  a desc r ip -  
t i o n  o f  t h e  pneumatic system I s  fo l lowed by a d e s c r i p t l o n  o f  t h e  data a c q u i s i -  
t i o n  and c o n t r o l  system. The pneumatic system inc ludes  t h e  pressure b e l t ,  
pressure t ransmiss ion l i n e s ,  purge va lve,  a 32-channel pressure sensor, and a 
pneumatic c o n t r o l  module. The data a c q u i s i t i o n  and c o n t r o l  system cons is t s  o f  
a sensor c o n t r o l  module, a decode module, and a microprocessor.  
Pneumatjc System 
The pressures developed around t h e  blade chord were sampled w l t h  a se t  o f  
29 s t a t i c  pressure taps. The taps were 1.0 mm I n  diameter and were bored I n t o  
tubes w l t h  a t o o l  s i m i l a r  t o  a cork borer .  Ten tubes, 1.3-mn i . d .  and 3.2-mn 
o.d., were molded together  t o  form a r ibbon.  The pressure b e l t  was made up o f  
f o u r  r ibbons,  as shown i n  f i g u r e  14. The tub ing  downstream o f  a pressure tap  
was plugged w i t h  rubber sea lan t  so  t h a t  the  pressure tap  was e f f e c t i v e l y  loca-  
ted  a t  the  end o f  a pressure t ransmission l i n e .  This  p lug  a l s o  a l lowed a g iven 
tube i n  a r ibbon t o  be used f o r  two pressure taps, one on e i t h e r  s ide  o f  the  
b lade.  
Twenty-nlne s t a t i c  pressure taps were bored I n  t h e  b e l t  s t a r t i n g  where 
the  chord l i n e  i n t e r s e c t s  the  leading edge and a t  2.5, 5, 7.5, 10, 15, 20, 25, 
30, 40, 50, 60, 70, 80, and 90 percent chord s t a t i o n s  on bo th  the  upwind ( h i g h  
pressure)  and downwind ( l o w  pressure) s ides o f  t he  blade. Two inne r  r ibbons 
i n  t h e  b e l t  contained t h e  s t a t i c  taps, w h i l e  the  two ou te r  r lbbons were used 
t o  even ou t  t he  f l o w  over t h e  b e l t .  The r ibbons were cemented t o  the  b lade 
w l t h  rubber sealant  s t a r t i n g  and ending a t  t he  t r a i l i n g  edge. The pressure 
t ransmiss ion  tubes were taped t o  the t r a i l i n g  edge and l e d  over the  downwind 
s ide  o f  the  blade and through the  I'D'' hatch. F igu re  3 shows a diagram o f  t he  
tub lng  layout .  The l1Dt1 hatch I s  b u i l t  i n t o  the  blade t o  a l l o w  access t o  the  
p i t c h  c o n t r o l  components f o r  ma'intainance purposes. Shor t  lengths o f  s t a i n l e s s  
s t e e l  t ub ing  were formed I n t o  elbows and used t o  make the  tu rns  a t  the  t r a i l -  
i n g  edge. 
The response o f  t he  pressure tap  connect ing t u b i n g  and transducer t o  vary- 
i n g  pressure was determined by apply ing a s tep pressure change t o  a s i m i l a r  
c o n f i g u r a t i o n  and by record ing  the transducer ou tpu t  as a f u n c t i o n  o f  t ime. 
Tube lengths i n  t h i s  I n s t a l l a t i o n  va r ied  between 2.5 and 5 m. A t y p i c a l  
response curve I s  shown I n  f i g u r e  15. For a 2.5-m-long t ransmiss ion tube, the  
response appears t o  be overdamped and can be considered as having a t ime con- 
s t a n t  o f  0.025 sec. This  corresponds t o  a 6.3 Hz corner  frequency, a t  which 
the  ou tpu t  ampl i tude f o r  an i n p u t  s ine  wave would be reduced by 3 dB (70 per-  
c e n t ) .  The data system sampled the pressures every 11' o f  r o t o r  r o t a t i o n  so 
t h a t  no high-frequency f l u c t u a t i o n s  o f  pressure were seen d i r e c t l y  i n  the  
recorded data.  
A t o t a l  pressure was a l s o  recorded as p a r t  o f  t h e  data and was measured 
w i t h  a sh ie lded probe mounted on the upwlnd s ide  a t  t h e  25 percent  chord loca-  
t i o n .  This  probe was shown by c a l i b r a t i o n  t o  be i n s e n s i t l v e  t o  changes i n  
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flow dlrection withln t 4 5 *  of Its nominal installation direction. 
position o f  this probe is shown in figure 3. 
ated in a sealed volume were also fed to the pressure sensor for a total of 32 
pressures measured by the system. 
was used to verify system operation. 
The relative 
Two "constant8l pressures gener- 
Monitoring of the two constant pressures 
A schematic diagram of the pneumatic connections between the purge valve 
and the pressure sensor components mounted on the "D" hatch Is shown in fig- 
ure 16. A diagram of the internal valving for one of the 32 inlet lines in 
each of these two components is shown in figure 17. Operation of  the slide 
valves was controlled by four independent pressures. 
pressurizing control line P1 placed the purge valve slider in the normal oper- 
ating position with the input port directly connected to the output port. 
Pressure on control line P2 switched the slider so that the inlet port could 
be purged with dry air to remove accumulated moisture in the tubing. At the 
same time, the calibration port was connected to the outlet port. 
As shown in figure 17(a), 
Figure 17(b) shows the valve arrangement for the pressure sensor. Pres- 
surizing line P3 on the sensor positioned its slider so that the inlet port 
connected directly to the internal pressure transducer. Pressurizing line P4 
connected the calibration port to the transducer. As indicated In figure 16,  
the calibration port on the sensor was externally connected to the reference 
port. Thus, when P4 was pressurized, the transducer zero could be measured 
while the machine was rotating. All 32 sensors had comnon reference and cali- 
bration ports. 
The four control lines, the purge line and calibration lines from the 
purge valve, and the reference line from the sensor were led through the inside 
of the blade to the rotor hub. The static pressure in the open area of the 
hub was used as the reference pressure for the pressure sensor. 
calibration pressures were supplied from the nacelle through temporary tube 
connections that were made only when the machine was shut down. 
pressure of 552 k N h 2  (80 psi), supplied from a high-pressure gas bottle and 
regulator mounted in the hub, was used in this system. The control pressure 
was connected to the control lines through three-way valves, which were mounted 
In the hub and operated by the decode module described in the following 
secti on. 
Purge air and 
A control 
Data Acquisition and Control 
The pressure measuring device in the system was a commercial sensor that 
contained 32 miniature semiconductor strain-gauge transducers. It was built 
with an Internal electronic multiplexer that scanned the individual trans- 
ducers. The output of  the multiplexer was amplified to 25 V dc, full scale. 
The transducers measured the pressure difference between an input pressure and 
a reference pressure. 
differential pressure, full scale. Each transducer was specified to have a 
maximum static error o f  0.15 percent full scale, with a maximum thermal sen- 
sitivity and zero shift o f  50.03 percent of full scale per degree Celsius. 
Electrical connections to the sensor included five address lines for control- 
ling the multiplexer, the sensor output, and the power supply lines. 
The transducers were ranged for 34.5 kN/m2 (25.00 psi) 
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The sensor c o n t r o l  module was deslgned t o  ( 1 )  s e t  up t h e  addressing f o r  
t he  m u t l l p l e x e r ,  ( 2 )  d i g i t i z e  the sensor output ,  ( 3 )  t empora r i l y  s t o r e  t h e  
d l g l t i z e d  data,  and ( 4 )  t ransmi t  the s tored data t o  the microprocessor on 
request.  The module operated I n  two separate modes: (1 )  a d l g l t l z l n g  and 
storage mode, and ( 2 )  a t ransml t  mode. 
A b lock  diagram o f  t he  sensor c o n t r o l  module conf igured I n  t h e  d i g i t i z i n g  
and storage mode i s  shown i n  f i g u r e  18 (a ) .  Sensor output  was fed  I n t o  a 1 4 - b i t  
a n a l o g - t o - d i g i t a l  conver ter  (AID), t h e  s e r l a l  output  of which was s tored i n  a 
512-b i t  random access memory. A 4500-Hz f ree-runnlng c l o c k  cont inuously  l n l -  
t l a t e d  A/D conversions. Each transducer output  was s tored as a 1 6 - b l t  word 
(14 b i t s  f rom the A/D and 2 dummy b i t s ) .  This design r e s u l t e d  I n  the  con t lnu -  
ous updat lng of memory w l t h  t h e  m o s t  recent  pressure measurements. A t  
4500 sensors per  second, the  sensor c o n t r o l  module scanned t h e  29 pressures on 
the b e l t  I n  6.4 msec, d u r i n g  whlch t l m e  the  b lade r o t a t e d  0.67". 
The sensor c o n t r o l  module switched t o  t he  data t r a n s m i t  mode a f t e r  
r e c e l v l n g  a data request s i g n a l  sent f rom the  decode module. 
sensor c o n t r o l  I n  the  t ransml t  mode I s  shown i n  f i g u r e  18 (b ) .  When a data 
request was recelved, t h e  sensor c o n t r o l  module completed t h e  d l g i t l z i n g  and 
storage c y c l e  i t  was I n ,  and then switched t o  t h e  t r a n s m l t  mode. The c l o c k  
pulses were fed  t o  t he  counter, the output  o f  whlch addressed the memory. 
data I n  memory were s e r i a l l y  t ransml t ted  together  w l t h  t h e  c l o c k  s l g n a l  and a 
c lock -d l v lded -by -e igh t  s l g n a l  t o  the decode module I n  t h e  hub. A t  a r a t e  o f  
4500 Hz, I t  took 0.106 sec t o  send t h e  512 b l t s  t o  t h e  decode module, d u r i n g  
which t ime t h e  blade moved 11.2'. It was t h i s  t r a n s m l t  t ime  t h a t  l i m i t e d  t h e  
r a t e  a t  whlch data could be recorded by t h i s  measurement system. A f t e r  512 
b l t s  had been t ransmi t ted,  the sensor c o n t r o l  module switched back I n t o  t h e  
d l g l t l z l n g  and storage mode. 
A dlagram o f  t he  
The 
A decode module located I n  t h e  b lade hub received t h e  t r a n s m l t t e d  data 
and c l o c k  pulses from the  sensor c o n t r o l  module, converted them t o  RS-232 f o r -  
mat, and sent them t o  the  mlcroprocessor located I n  t h e  c o n t r o l  room. The 
decode module received commands by way o f  t he  RS-232 l i n e  f rom t h e  mlcroproces- 
s o r  and operated three-way valves t h a t  c o n t r o l l e d  pressures t o  the  s l i d e  
va lves.  
decode module. 
The data request s lgna l  was a l s o  generated f r o m  t h e  command I n  the  
The microprocessor was programmed t o  generate the  command s lgna ls  sent t o  
t h e  decode module. 
machine opera t i ng  cond i t i ons  such as output  power, wind speed, r o t o r  p o s l t l o n ,  
r o t o r  speed, atmospheric pressure, and yaw e r r o r  and added these v a r i a b l e s  t o  
t h e  sensor data.  
o f  data,  a f t e r  which the data w e r e  downloaded t o  a d i g i t a l  tape recorder .  The 
d i g i t a l  casse t te  tapes were sent  t o  NASA Lewis, where data were reduced t o  
engineer ing u n i t s  and analyzed. 
Along w l t h  the sensor data, t he  microprocessor d i g i t i z e d  
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FIGURE 1. - DOEINASA MOD-2 2500-KW EXPERIMENTAL WIND TURBINE 
LOCATED NEAR GOLDENDALE. WASHINGTON. 





FIGURE 2. - SCHEWTIC DIAGRAM OF MOD-2 WIND TURBINE, SHOW- 
ING LOCATION OF PRESSURE SENSOR BELT AND TOTAL PRESSURE 
PROBE. 
-TOTAL PRESSURE 
FIGURE 3.  - CLOSEUP SCHEMATIC VIEW OF PRESSURE BELT INSTALLATION, 
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FIGURE 4. - BLADE SURFACE COORDINATE SYSTEM, WHERE P IS 
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(b )  FLAPWISE DISTRIBUTION, 
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FIGURE 5. - TYPICAL PRESSURE COEFFICIENTS MEASURED FOR 
MOD-2 WIND TURBINE AT 470 KW. 
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FIGURE 6 .  - VIEW OF LOW-PRESSURE SURFACE OF MOD-2 WIND TURBINE BLAIE. SHOWING ROW OF 
VORTEX GENERATORS NEAR LEADING ED(;[. TIP SKTION :A FEATIIEREC (STOPPED) POSITION. 
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FIGURE 7. - PRESSURE COEFFICIENTS MEASURED IN WIND TUNNEL 
ON NACA 23024 AIRFOIL (UNPUBLISHED DATA FROM W I N G  
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FIGURE 8. - PRESSURE, SUCTION. AND FLAP COEFFICIENTS MEASURED ON MOD-2 WIND TURBINE BLADE WITHOUT VORTEX GENERATORS. 
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